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(57) Abstract 

A method of manufacturing 
titanium alloys in large-section 
semi-finished product form with 
controlled microstructure in 
micrograin and subcrystalline 
stales of aggregation, with reduced 
metal lographic texture, is achieved 
with the desired combination of 
mechanical properties in the titanium 
alloy product. 
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METHOD OF PROCESSING TITANIUM 
ALLOYS AND THE ARTICLE 

FIELD OF THE INVENTION 

The given invention is related to the field of metallurgy. 
More particularly, the invention relates to methods of preparing 
5 titanium alloys working with the lamellar structure. This invention is 
useful for making large semi-finished parts by working them with 
pressure to subsequently make finished products of different shapes. 
The large section parts may be utilized in aierospace industries, for 
example, disks, jet-engine blades, and airframe structures. 

BACKGROUND OF THE INVENTION 

10 Titanium alloys are hard to deform materials. Titanium 

alloys with microstructures of fine grains have better plasticity than 
those with coarse grains. The need to increase the plasticity of 
titanium alloys results in the need to develop methods of making 
titanium alloy microstructures with grain sizes less than about 10 

15 micrometers. Such a microstructure can be obtained in small section 
semi-finished products, for example, in hot-rolled bars with diameters 
not exceeding 60 millimeters. The-microstructure of :semi-finished 
products is coarser in large section sizes. Most semi-finished products 
have a coarse lamellar microstructure with crystallographic and 

20 metallographic texture having a grain size larger than 100 micrometers. 

Grain coarsening in titanium alloys results in 
unsatisfactory mechanical properties. A noteworthy feature of a 
coarse-grained lamellar microstructure is that it has a high degree-* of 
structural heterogeneity which results in combination of low tensile 

25 strength and lower plasticity, low fatigue properties, and significant 
scatter in mechanical properties. It is not possible to make make the 
coarse-grain lamellar microstructure into a fine-grain microstructure by 
heat treatment. On the otherhand, it is possible to coarsen fine-grain 
microstructure of titahium alloys at the temperatures of single beta 

30 phase existence and at the temperatures in the two phase alpha and 
beta regions. 



yo/1 iooo 



-2- 

Producing a homogeneous fine-grain microstructure in 
titanium alloys would improve the technological properties during the 
thermomechanical processing due to reduction of stresses required for 
plastic flow. Also, the superior mechanical properties of semi-finished 
5 products would be provided, as well as superior mechanical properties 
after heat treatment. 

it is known that it is possible to obtain a fine-grain 
microstructure in titanium alloys after rapid cooling from the molten 
state. Because of the low heat and temperature conductivity of 

10 titanium alloys, it is impossible to use this method for industrial titanium 
ingots made in accordance with the modern technologies. This 
method is used in powder metallurgy. 

it is also known that in powder metallurgy it is possible to 
obtain a fine-grain microstructure due to the . use of fine powder (about 

15 50-100 micrometers) and a high solidification rate. One of the most 
significant disadvantages of powder metallurgy is the need to 
consolidate the powder. This limits the dimensions and size of the 
products, increases time.labor input, and the cost of the semi-finished 
product. Also, there is significant grain growth during consolidation 

20 due to the high temperatures of consolidation. Impurities from the 
po wder particle surfaces reduce properties in compari son wit h the 
alloys made in accordance with traditional methods. 

The conventional method of working titanium alloys, such 
as gatorizing, is known. It includes initial working at temperatures 

25 about 56°C lower than the recrystallization temperature, with 
subsequent heating and working (pressing/forging) of the alloys at the 
recrystallization temperature. The recrystallization temperature is the 
temperature that the metal starts to deform. The formation of fine- 
grain microstructure is achieved by means of recrystallization of a 

3 0 work-hardened material during subsequent working. The above- 
mentioned method of microstructure refinement can be applied mainly 
for semi-finished products which had been previously intensely hot- 
- worked in the alpha and beta regions; An elongated microstructure 
and strong texture are formed in these worked titanium alloys, which 

3 5 lead to significant allotropy of the mechanical properties. 
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Thus, the prior art shows that the methods to 
manufacture large section titanium semi-finished products with uniform 
fine-grain microstructure and mechanical properties have not been 
achieved. There is a need to have methods to process titanium alloys 
5 that have substantially homogeneous fine-grain microstructure and 
mechanical properties throughout the workpiece. 

BRIEF DESCRIPTION OF THE INVENTION 

This invention satisfies the above-mentioned need by 
providing a method of manufacturing titanium alloys in large-section 
semi-finished product form with controlled microstructure in micrograin 

10 and subcrystalline states of aggregation, with reduced metallographic 
texture, to achieve the desired combination of mechanical properties in 
the titanium alloy product. 

In one embodiment of the invention there is a method for 
preparing a titanium alloy article, distinguished by having a 

15 substantially controlled homogeneous fine grain microstructure, 
comprising the steps of: (1) starting with a titanium alloy article having 
an initial grain size (do); (2) selecting a final homogeneous fine grain 
size (dj to be achieved in the titanium alloy article; (3) plotting a curve 
of the relationship between a recrystallized grain size (d) for the 

20 -titanium alloy on the y-axis versus a strain temperature (T) for said 
alloy on the x-axis, between a range of 400''C and a temperature of 
complete polymorphous transformation (TcpJ, in accordance with the 
relationship d = f(T); (4) locating an area T* on the strain temperature 
axis to divide the temperature axis into two zones comprising a first 

25 zone 400°C to T*. and a second zone T* to T^pt, where said T* is 
located by first calculating a corresponding recrystallization grain size 
(d*) on the y-axis, where d* is logarithmically related to the initial grain 
size do; (5) further locating on the curve the final grain size (dj on the 
y-axis and then a corresponding strain temperature (TJ on the x-axis; 

3 0 (6) determining the heating and deforming stage or stages to process 
the article based on T^, where for T^pt > T^ > T*. there is at least one 
heat and deforming stage to obtain the final grain size d^. and where Tj, 
< T*, there are at least two heat and deforming stages where each 
heat and deforming stage occurs for a sufficient amount of time to 
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reduce the grain size of the titanium alloy article {about 2 to 10 times] 
until the final grain size d„ is obtained; (7) then heating and deforming 
the titanium alloy article in accordance with the determined number of 
heat and deforming stages to achieve d^. where each heat and 
5 defonning stage has at least one heating and defomiing step and one 
cooling step, where , said heat and deforming stage occurs for a 
sufficient period of time to reduce the grain size of the titanium alloy 
article, and where the deformation of the titanium alloy article is in a 
substantially controlled manner during each heat and deforming stage 

10 at a rate of strain to achieve the desired grain size of the heat and 
deforming stage, where the true strain during the deformation is 
greater than or equal to 0.6 for each heat and deforming stage, and 
where said subsequerit cooling is controlled at a temperature below 
the heat and defonning stage temperature at a cooling rate for 

15 substantially maintaining the reduced grain size obtained during the 
heat and deforming stage; and (8) repeating step (7) until the final 
substantially controlled homogeneous grain size d,^ is obtained in the 
article having substantially homogeneous mechanical properties. 

The final fine grain size is less than or equal to about 15 

20 micrometers. A fine grain size is defined as grains having less than or 
equal to about 1 5 microme ters diameter. More nan'owly, a preferred 
fine grain is less than. 5 micrometers diameter. Conversely, large 
grains are greater than 15 micrometers diameter. When there is at 
least two heat and defonning stages, each heat and defonning stage 

25 [ occurs for a sufficient amount of time to reduce the grain size of the 
titanium alloy article about 2 to 10 times until the final grain size, d^, is 
obtained. 

Another embodiment of the Invention is a method of 
making a substantially controlled homogeneous fine grain 
30 microstructure in a titanium alloy article, comprising the steps of: 
heating and deforming at a predetermined heat and deforming stage 
temperature at or below a temperature of complete polymorphous 
- transformation where the titanium alloy article has sufficient ductility 
and a starting grain size, said heat and defomning stage contains at 
35 least one heat and deforming step and at least one cooling step, and 
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where said heat and deforming stage is for a sufficient amount of time 
to reduce the grain size from the starting grain size at the beginning of 
the heat and deforming stage to a reduced grain size at the end of the 
heat and deforming stage, where deforming the titanium alloy is in a 
5 controlled manner at a rate of strain to achieve the desired grain size 
of the heat and deforming stage, where the true strain during the 
deformation is greater than or equal to 0.6 for each heat and deforming 
stage and where the cooling step is performed after the heat and 
deforming step at a temperature below the heat and deforming stage 

10 temperature, in a controlled manner at a cooling rate to substantially 
maintain the reduced grain size obtained during the heat and 
deforming stage; and continuing to heat and deform then cool the 
titanium alloy article, at lower heat and deforming stage temperatures 
than the previous heat and deforming stage temperature, so a 

15 reduction of grain size is achieved in subsequent heat and deforming 
stages until a final controlled grain size with controlled mechanical 
properties is obtained in the titanium alloy article. 

Still another embodiment of the invention provides 
methods of making large section semi-finished products without any 

20 limits in size and shape. In this invention, semi-finished product is 
defined as a material form, such as a bar, plate or billet, that is 
supplied for further processing. For example, a bar is a semi-finished 
product from which bolts, pins. etc.. are manufactured. As another 
example, a billet is a semi-finished product from which aircraft disk 

25 forgings are made. The term large section is relative to the part being 
semi-finished. For instance, a titanium alloy bjllet greater than about 4 
inches could be termed large, disk forgings greater than about 30 
inches diameter or 6 inches thickness are large. Also, when referring 
to titanium intermetaliio based compositions such as those based on 

30 TisAI (alpha 2), TijAINb (orthorhombic), or TiAl (gamma), a large^ 
section would be much smaller, since intermetailic materials are 
typically harder to process. A gamma or orthorhombic forging greater 
than about 12 inches could be termed large. The term Lamellar 
structure refers to alpha phase (hexagonal crystal structure) titanium 



. ^ . - 6 - 

arranged in plates. Often, plates share a common crystallographic 
orientation and are termed a "colony". 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1- Relation of recrystallized grain size to strain 
5 temperature for titanium alloy BT8 at strain rate of 710"* sec and at 
e=0.6 strain. The d* and T* areas (at do=1000 mm) are shaded. 

Fig. 2- Microstructure of titanium alloy BT8 in initial state. 
Fig. 3- Microstructure of titanium alloy BT8 after yvorking 

at 950X. 

10 Fig. 4- Microstructure of titanium alloy BT8 after working 

atesox. 

Fig. 5- Relation of recrystallized grain size to strain 
temperature for titanium alloy BT1-00.) at strain rate of 310"* sec and 
at e=0.6 strain. The d* and T* areas (at do= 200 mm) are shaded. 
15 Fig. 6- Microstructure of titanium alloy BT1-00 in initial 

state. 

Fig. 7- Microstructure of titanium alloy BT1 -00 after 
working at 670 °C. 

Fig. 8- Microstructure of titanium alloy BT1-00 after 
20 working at 400*'C, 

Fig. 9- Relation of recrystallized grain size~to strain 
temperature for titanium alloy BT30 at strain rate of 310*^ sec and at 
e=:0.6 strain. The d* and T* areas (at do= 200 mm) are shaded. 

Fig. 10- Microstructure of titanium alloy BT30 in initial 

25 state. 

Fig. 11- Microstructure of titanium alloy BT30 after 
working at 740"C. 

Fig. 12- Microstructure of titanium alloy BT30 (R.S.) after 
working at 550°C. 

30 DESCRIPTION OF THE INVENTION 

The invention is achieved by methods of working titanium 
- alloys which include heating of the starting stock or ingot and its 
deformation inside preheated forging tools. A distinguishing feature of 
the method is that the temperature range for thermomechanical 
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processing is extended to the range of about 400°C to T^pt, where T^ptis 
the temperature of the complete polymorphous transformation, also 
called the beta transus. The temperature of complete polymorphous 
transformation (beta transus) is the temperature at which all alpha 
5 phase in the titanium alloy has transformed to beta phase. Before 
working or deforming the titanium alloy article, the relation of 
recrystallized grain size to strain temperature, d = f(T), in the specified 
temperature range must be determined for the material of the stock. 
The specified temperature range (400'*C to T^pt) is then divided into two 

10 zones. The boundary between those zones is set at the temperature 
T* at which the grain size Is d*. The grain size d* can be determined 
from the ratio Ig {djd*) equals about 2,4 to about 2.6 for the alloys with 
the beta stabilization coefficient Kq < about 1.4 and Ig (dyd*) equals 
about 1.8 to about 2 for the alloys with Kg > 14, where d^ is the grain 

15 size of the Initial stock or ingot. The strain temperature Tk is 
determined from the relationship d= f(T) accordingly to the required 
final grain size. Depending on within which of the two ranges of 
temperature (T* to Tcpt or 400°C to T*) is located Tk, the deformation 
can be done in one or several stages. The number of stages and the 

2 0 temperature of each stage shall be defined by subsequent adding to 
the Tk temperature the difference in the temperatures a the nearest 
stages until the strain temperature exceeds or is getting equaRo the T* 
temperature. The deformation at each heating and deforming stage is 
processed by strain e not less than 0.6. The heating of the stock or 

25 ingot at each following stage is provided to the temperature which does 
not exceed the strain temperature at the previous stage. 

The invention for processing the titanium alloys ]nto 
controlled homogeneous fine grained articles can aliso be 
accomplished if the difference of the stage temperature is determined 

30 in accordance with the curve d=f(T) in such a way that this difference 
allows reducing the grain size at each stage about 2 to 10 times. The 
deformation within each stage is provided with the total reduction of 
- strain where e > [a lg(Vdn + 1)] Tm/T^. where d^ is the grain size before 
the beginning of n-stage, T^ is the strain temperature at n-stage in K 

35 degrees. T^ is the melting temperature of the stock material in K 
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degrees, and "a" is the coefficient which is a=1 at d^ > 10; a=1.5 at 
1nm<d„<10nm; a=2 at 0.5^m<dn<1nm; a=3 at d„<0.5|Lim. The 
deformation at each stage is provided at the stage temperature in 
several steps. 

5 Depending on the shape of the stock or ingot, the 

deformation axis may rotate or turn the stock and change the 
deflection angle of between about 45 - 90°. The defomiation is 
performed in the preferred strain rate range of about 10 - 10 sec '\ 
The deformation, temperatui'e should be corrected by multiplying a 

10 coefficient dependent on a semi-finished product volume. This 
coefficient is 0.98 for the volume up to 1 dm ^, 0.97 for the volume from 
1 to 10 dm ^, and 0.95 for the volume greater than 10 dm ^. It should 
be noted that as the strain rate increases, the coefficient becomes a 
more important factor in the processing of the titanium alloys. . . 

15 The stock with the original beta-transformed grain size 

greater than 2000 micrometers must be worked (deformed) before the 
first heat and deforming stage at a temperature higher than the 
polymorphous transformation temperature, such that T<.p, + 10-50''G. 
The obtained grain size should be considered as the original grain size 

20 d uring the selection of the region of the main working . 

Befor e the f irst heat and deforming stage the stock with 
original beta-transformed grain size greater than 2000 micrometers 
must be deformed with a reduction of 0.3 and strain rate in the range of 
10' ^- 10 ^ sec at the temperature higher than T ^pt - SO-SCC and with 

25 subsequent heating up to T ^p, + 20-70"'C and cooled down to room 
temperature at the rate of about 5 - lOO'C/sec. 

The stock at least after the first strain stage should be 
cooled down to room temperature at the rate of about 5 - 100°C/sec. 
The thermocycle treating should be carried out in the temperature 

30 range from about 500 °C to T^p, with the number of cycles from 1 to 5 
before deforming. This may not be needed and depends on the grain 
size of the titanium alloy stock. Also, the stock may be deformed in 
- tools preheated to the temperature of about 10 - 50°C higher than the 
heating temperature of the worked alloy. This is an optional step. 

35 When a titanium bar is being processed and rotated 
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around a single axis, the amount of steps of deforming may be chosen 
to be four or more at the final heat and deforming stage in additional to 
that the turning of the axis of deformation must be provided in a single 
plane. 

5 The forming of semi-finished products of different shapes 

frohi the stocks with prepared microsructures can be accomplished by 
forming them at a temperature not lower than the strain temperature of 
the stock at the final heat and deforming stage of the stock material. In 
addition to this, the following is also recommended: forming (shaping) 
10 must be done under superplasticlty conditions. Local deformation 
must be used. 

The problem of, making semi-finished products of 
unlimited sizes with micro- (<15 micrometers) and submicro-crystalline 
(< 1 micrometer) structures can be achieved by tightly setting a block 
15 of stocks or semi-finished products, and carrying out the block 
upsetting at the strain rate of about 10 - 10 sec and the true-strain 
not less than 0.2 within the temperature range from 400*^0 to T cpt. 
where the upsetting temperature at the finishing stage is chosen to be 
not less than the strain temperature of the stock or semi-finished 
20 product with the coarsest grain size. In the case of upsetting of blocks 
of stocks or semi-finished products from alloys with different chemical 
compositions, (and therefore, with different-strain temperatures at the 
final stage of stock working), the upsetting temperature must be not 
lower than the highest one of any of them. 
25 Another aspect is to set up a block of at least two stocks 

or semi-finishedr products, and place between them the layer from the 
same material with grain size (d) by an order of magnitude less than 
what is in the stocks or semi-products. The layer thickness should be 
not less than 10 d. The upsetting of the block must be carried out at 
30 the strain rate of 10 - 10"^ sec '\ at 0.2 the true strain, In the 
temperature range from 400**C to Tcpt, and where, the upsetting 
temperature is chosen to be not lower than the temperature at the 
final stage of working at which the grain size of the layer was 
obtained, 

35 The essence of the invention is based on the fact that the 



• . . -10- 

uniform fine-grained microstructure with required grain size up to 
submicro-crystalline grains is formed as the result of the process of 
dynamic recrystalllzation over the wide temperature range of 400''C - 
TcpT. At the temperatures lower than 400''C, the dynamic 
5 recrystalllzation of titanium and its alloys is difficult due to low diffusion 
mobility of atoms. Also, the dynamic recrystalllzation at those lower 
temperatures can not be earned out practically by the use of 
conventional equipment. At the higher temperatures unacceptable 
grain coarsing, not only during working but also at Its end, will take 
10 place. 

It is necessary to detemiine the relation of recrystalllzed 
grain size to alloy strain temperature d=f (T). The obtained relation is 
true for the alloy of given chemical composition, and does not depend 
on the starting microstructure of the stock. The effect of the starting 

15 microstructure is taking into account by the introduction of calculated 
\ recrystalllzed grain size (d*), and con-esponding to (d*), the T* strain 
. temperature in the ratio d=f (T). The value d* can be determined In 
accordance with the lg(do/d*) = about 2.4 - 2.6, obtained 
experimentally for the titanium alloys with the beta-stabilization 

20 coefficient Kg < 14, or Ig (do/d*) = about 1.8-2 for the alloys with Kg 

_ >.1 -4, where do is the grain size of the Initial stock. In accordance with 
the above-mentioned relation, the T* temperature can be considered 
in a range of temperatures, and T* depends on the initial grain size 
(do) and increases with the initial grain size to about the temperature 

25 of the complete polymorphous transformation. 

The T* temperature divides the specified temperature 
range (400X- into two zones: T^p, - T* and T*- 400°C. Within the 
first zone, including the T* temperature, working is processed in one 
step. Within the second zone, the stock is worked for more than one 

30 heat and deforming stage, with lowering of the temperature. This is 
caused by the fact that the technological plasticity of titanium alloys 
significantly depends on the microstructure, which is why at each 
. previous heat and deforming stage it is necessary to obtain the 
microstructure with the proper grain size that achieves the necessary 

3 5 level of technological plasticity at the subsequent stage. 
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In order to get the microstructure with the required grain 
size (dK) in the given alloy stock with the known starting grain size (do), 
it is necessary to determine the working temperature (TJ which 
provides the formation of that required grain size as well as the 
5 temperature T* in accordance with the curve d = f(T). The one or more 
stages of working must be, determined depending on which 
temperature zone of the curve the Tk is located. In the case when the 
working should be carried out at several stages, the amount of those 
stages and the stage temperatures is chosen as follows: by adding 

10 step-by-step (sequentially) to the Tk the regulated difference between 
stage temperatures until the strain temperature does not exceed (or is 
. equal) to the Tk- 

Values of true strain "e" are used, because the true strain 
is an equivalent for different loading, and it allows calculations of the 

15 required strain for processes like upsetting, drawing, extrusion, rolling, 
or torsion. A strain not less than 0,6 at each heat and deforming stage 
provides a dynamic recrystallization over the volume of the stock, and. 
therefore, results in an uniform fine grained microstructure. In the case 
of a multi stage strain, the heating at each stage must be done until the 

20 temperature does not exceed the strain temperature at the previous 
stage, otherwise the grain size coarsing will take place during heating. 

" The invention essence can be additionally developed and 

made precise by the usage of the following procedures. During the 
multi-stage working (more than one heat and deforming stage) it Is 

25 advantageous to bring the temperature down at each stage by a value 
that provides about 2-10 times reduction in grain size. It was 
determined experimentally that the temperature difference between the 
stages must provide reduction of recrystallized grain sizes by not less 
than 2 times. A grain size reduction less than twice does not provide 

3 0 an economical process. Reduction in the grain size more than 10 
times reduces the material such that it will be insufficient to complete 
the dynamic recrystallisation at the next stage, and as a result, a non- 
. uniform microstructure will be formed. At the lower strain 
temperatures, there is less material plasticity, and because of this, in 

3 5 the low part of the declared temperature range, the temperature 
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decreasing steps must provide about 2-3 times reduction in tlie grain 
size, wliereas at higher temperatures about 8-10 times can be used. 

Non-unifomnity of plastic deformation depends upon 
temperature and initial stock microstmcture significantly, and reduces 
5 simultaneously with increasing strain temperature and decreasing grain 
size. That is why in order to obtain uniform microstructure with the 
required grain size (from different starting conditions, and strain 
temperatures) working must be carried out at different true strains. In 
connection with the laist. the following relation was determined 
10 experimentally: "e" = [a lg(Vd„ + 1)] T^/ T„. That relation allows one to 
detennlne the required strain which is enough for getting the unlfomi 
microstructure, in accordance with the temperature and grain size at a 
stage. 

By usage of conventional tools, in particular of flat dies, 

15 at strain about 0.6, there could exist a region of undeformed metal, 
typically a cone-shaped zone In a stock; the volume fraction of cone- 
shaped zone increases while the temperature decreases. Moreover, 
the required strain (determined at a stage in accordance with the 
temperature and the grain size) can exceed the value 0.6 in such a 

20 degree, that it is impossible to carry out that strain by a single pass. In 
such a case, the heat and deforming stage is performed in more than 
one step or pass, and each step or pass should be performed at the 
stage strain temperature. After each pass it is recommended to turn 
the axes of deformation through 45 and 90° to eliminate the cone- 

25 shaped zones fonned at the previous stages or passes. Working of 
the stock at each pass is carried out at not less than 0.1 strain and not 
more than 0.5 strain. At the lower strains, conditions for the 
development of the dynamic recrystallization will not be generated. 
The restriction of the upper strain level is caused by the loss of 

3 0 mechanical stability of the stock at a following pass after a turn of axes 
of the strain. This allows achievement of a required strain, to work 
through the cone-shaped zones, and to get structural uniformity 
without any metallographic texture. 

Decreasing of a strain rate is one of the ways to improve 

35 the technological plasticity (hot ductility), and in consequence of that. 
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of strain uniformity. It is recommended to carry out the working or 
deforming at strain rates in the range of about 10 - 10 *^ sec '\ 
Dynamic recrystallization in that range can result in superplastic metal 
flowing, depending on the initial state of material, and additionally to 
5 increase or improve the microstructure uniformity of the processed 
article. 

Titanium alloys have low thermal conductivity. Therefore, 
during the working process, the temperature of the central area of a 
massive stock always is higher compared with that of peripheral areas, 

10 because of strain heating and insufficient transmission of heat in the 
stock central area. As a result, a coarse grain size can be formed in 
the center area of a massive stock. That is why in this invention the 
heating temperature is adjusted (depending on the stock size): 
multiplying the experimentally determined coefficients. In this case 

15 the difference in grain sizes over the stock volume is eliminated by 
heating during which the grains in the peripheral areas of the stock are 
getting coarser. 

Titanium alloys with the size of beta-transformed grains 
more than 2000 micrometers have low hot ductility (low technological 

20 plasticity) at temperatures below T^pf In order to increase the 
uniformity of the alloy microstructure, the total strain must be increased 
by usage of multi-passes working at a stageTMoreover. those titanium 
alloys have the T* near the T^pt , therefore, it is expedient to provide a 
pre-working procedure of the titanium alloys with the size of beta- 

25 transformed grains more than 2000 micrometers before the main 
working process. This preliminary working can be carried out at about 
30-50°C below Tgpt, a strain not less than 0.3, and a strain rate in the 
range of about 10 *^ - 10 ^ sec'^ with subsequent annealing at 
temperature of T^p^ + 20-70**C. These conditions allow to refine the 

3 0 initial microstructure, and. therefore, to make subsequent working 
easy, and as well, significantly to expend the temperature range, within 
which working is done at one stage. By choosing the parameters of 
. main working, the grain size obtained by preliminary working should be 
considered as the initial one. 

3 5 Increasing of the degree of laminas dispersion of double- 
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phase titanium alloys contributes increasing of hot ductility and 
homogeneity of its strain because the thinner laminas the easier 
transfomiation of them into equaxed grains. Increasing of the degree 
of laminas dispersion is possible due to processes of heating up to the 
temperature above T^pt ^nd subsequent controlled cooling. The usage 
of the described above method before the first heat and deforming 
stage (as well as between stages or the passes at a stage) is 
especially effective for obtaining of the microstructure with grain sizes 
less than 1 micrometer. 

Providing of a preliminary thermocycling treatment within 
the range of about SOC^C - T^pt before strain, results a decrease of 
grain size, and an increase of dislocation density within grains caused 
by phase and heat stresses. This leads further during subsequent 
strain to make recrystallization easier with an uniform microstructure. 

The main reason of the formation of a cone-shaped zone 
is high contact friction between the stock and the die (forging tools) in 
the contact zone. Usually high temperature lubricants, such as glass 
enamel, are used to reduce the friction. However, the stock sticking to 
the surface of the tools can take place because of the lubricant loss. 
The loss makes the working at several stages with axis changing 
difficult. In order to reduce the friction im pact, a nd as a result, to 
decrease the volume fraction of the cone-shaped zones, it is 
recommended to heat the press tools up to a temperature of about 10- 
50°C more than the stock temperature. 

In order to produce a stock shape closer to the net-shape 
of the semi-finished product, the method includes selections of 
sequences of the stock turns during multi-pass strain at the finish 
stage. For example, to make a bar at the finishing stage of working, 
the turn of deformation axis between passes is carried out at one 
plane, and the number of passes should not be less than four. 

The shaping of the semi-finished product from the stock 
with specified microstructure should be done at a temperature not 
below the strain temperature of the stock at the finishing stage. 
Otherwise, the coarsing of grains obtained at the preliminary working 
will take place. To obtain complicated shaped articles, the article 
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should be treated to about or a little higher to increase the ductility 
of the material. The temperature should be at a temperature sufficient 
to increase the ductility without substantially changing the final grain 
size. Moreover, strain rate for shaping can be chosen in such a way to 
5 ensure superptastic conditions of deformation. This additionally 
improves the microstructiire uniformity, and achieves a high level of 
mechanical properties after a final heat-treatment. 

The technological conditions of achieving a 
homogeneous fine grain microstructure in unlimited size or large semi- 
10 finished products can be simplified by building up (gathering) a block in 
a prearranged size (specified size) from small stocks, and 
subsequently applying controlled strain of that block (for example, by 
upsetting) within the temperature range of 400*'C-Tcp„ at strain rates of 
about 10 - 10 ' sec -\ at not less than 0.2 strain. The specific block 
15 strain temperature must not be chosen below the strain temperature of 
stocks at the final stage. The described above working parameters 
insure superplastic flow conditions during the deformation of the block. 
The fundamental mechanism of superplastic deformation is grain 
boundary slipping (GBS), e.g., turn and slipping displacement of 
20 adjoining grains relatively to each other. GBS development during the 
block deformation allows to get a solid state joining of small stocks, 
moreover; at 0.2 and greater strain, the block becomes rtiqnolithicrand 
the boundary lines between the stocks that fonned the block, 
disappear completely. This is achieved due to elimination of all 
25 possible pores in the joining area of the stocks by grain motion 
resulting from GBS. No less than 0.2 strain is required for stable 
superplastic defomnation with maximum development of the GBT 
mechanism. Under such conditions the formation of high-grade s"blid 
state joining can be guaranteed. The semi-finished stocks worked by 
30 described above method can be used further as initial stocks to make 
larger semi-finished products. 

The requirements in physical, mechanical or service 
_ characteristics for different areas of the same large section, products, 
for example, turbine disks for aircraft engines, can vary significantly. 
35 The assembly and subsequent deformation of stocks from alloys with 
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different chemical composition, consequently, with different strain 
temperatures at the final working heat and deforming stage, may be 
considered like the method of making large section part. The 
assembled block has to be defomned at the temperature not less than 
5 the highest strain temperature among joined stocks. 

In some occasions it is technologically reasonable during 
the making of a semi-finished product, to place between the stocks 
layers from the stock material with grain size ten times ifiner than in the 
worked stocks. This allows to work semi-finished products at lower 

10 temperatures using in a number of cases only local heating of the zone 
where solid-state bonding is formed, and, therefore, to use lower 
power equipment. Usage of the layers provides localization of 
superpiastic deformation within the solid-state bond formation, and, 
because of that, acceleration of the process of joint formation. The 

15 layer thickness should be not less than ten times the grain size. 

The invention is illustrated by the following examples. 
Three alloys the chemical composition of which is shown in the table 
were worked. 
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Exampl 1. Samples (0 10x 15 mm in size) cut from alloy A have 
been worked by upsetting in an universal dynamometer "INSTRON" at 
different temperatures in the range of 400-1 000°C, at up to e=0.6 
5. strain. In that case the temperature of 1000*0 is equal to T^p, 
temperature of the alloy. The size of the recrystallized grains should 
be determined in the central area of the deformed sample. The 
relation of recrystallized grain size to the alloy strain temperature is 
shown in Figure 1 . 

10 The cylindrical stocks from A alloy (0 150 x 300 mm in 

size) have the size of beta-transformed grains of about 1000 
micrometers (Fig. 2). After working, the riiicrostructure with average 
grain size of d^^ Smicrometers is required. In accordance with the .d= f 
(T) curve in Figure 1, such grain size can be formed at temperature of 

15 Tk= 950°C. From the ratio Ig (do/d*)= 2.4-2.6 it can be determined that 
d*= 2.5-4 um, and then from the d=f(T) relation, the corresponding 
temperature of T*= 860-920°C is determined. The temperature range 
of 400-1 000°C is divided by the T* temperature into two zones. Since 
the Tk temperature at which the required grain size can be obtained is 

20 more than the T* temperature, the alloy is worked at the stage within 
the first temperature zone. The stock volu me ( 0 150-300 mm) does 
not exceed of 10 dm ^ thus, taking into account the correction factor of 
0.97, the heating temperature will be of 925°C. The stock is placed 
into KS-500 resistor furnace. The heating time determined under 

25 condition that mm of diameter should be heated per nninute will be 
minimum 150 minutes. After holding in the furnace, the stock is placed 
into an isothermal press tool, which open dies from superalloy KC6-Y, 
are heated in low-frequency inductor up to 950°C. The strain of the 
stock at the stage is carried out at the average rate of 710^ sec"^ . 

30 According to the ratio e> [a \g{^6„ + 1)] TJT„,\Nhere T„ -strain 
temperature at n-stage about 1220°K deg., Tm - melting temperature of 
the stock material (about 1970°K deg., a=1) it can be determined that 
the required strain (e) should be not less than 2.45. In order to 
compose that total (e) strain from the working chart included, the 

35 following steps can be used: 
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height stock upsetting up to e=0.45; 

the stock turn through 90*'[ thus, that the direction of 
applied load (strain axis) will be coincide with the location (direction) of 
the maximum stock size after the previous upsetting ], and stock is 
5 upset at e=0.45; 

the stock ttirn through 90® [thus, that the direction of 
applied load (strain axis) will be on the same plane on which strain axis 
was during the previous upsetting], and stock is upset at e= 0.3; 

upsetting in six passes at e= 0.25 at each pass, and 
10 stock turn through 45^ after each pass thus, that strain axis remains on 
the same plane. 

The final forming of the semi-finished stock into the rod of 
the required diameter by means of broaching at the temperature of 
925°C is carried out. The rhicrostructure of the worked rod is shown in 
15 Fig. 3. 

Example 2. The stock (0 50 x 100 mm) from alloy A with the initial 
beta-transformed grain size of 2000 micrometere should be worked out 
in such a way that the microstructure with average grain size of d^ = 

2 0 0.2 micrometer will be obtained. It can be determined that T^ = 650°C. 

d*= 5-8 um and T* = 950-990°C. Hence the strain temperature (TJ is 
less than T*, the stock should be worked at several heat and deforming 
stages, the number of which is chosen In the next way: the grain size 
before the final stage should be chosen three times larger than the 
25 required final size,e.g., of 0.6 ^im. The grain size of 0.6 mm in Fig. 1 
correlates to the temperature of 730X,:which does not exceed the T* 
temperatuire, therefore, one more (additional) heat and deforming 
stage is required. For instance, take the grain size at that additional 
stage 10 times coarser than at the previous stage (before the final 

3 0 stage), e.g., 6 um. The grain size 6 um in Fig.1 correlates to the 

temperature of 975°C, which is within the range T*-Tcp„ thus, this stage 
will be the first one. Therefore, the temperatures at the first, second 
and third stages will be 975, 730 and BSO^'C, respectively. The 
required strains at each of three stages determined taking into account 
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the strain temperatures and initial grain sizes at each stage will be 
ei>2.45, e2 >1.5, e3>n . 

The thermocyclic treating which includes five repeated 
heatings up to 1000°C and cooling to 500X should be carried out 
5 before the working of the alloy. The stock strain at each stage should 
be done at several passes (similar to example 1 ). 

At the final stage the stock can be formed into a rod, the 
cross section of which is equilateral triangle, or square, or equilateral 
hexagon. The microstructure of the worked alloy is shown in Fig.4. 

10 

Example 3. The stock (0 200 x 400 mm) from A alloy with the initial 
beta-transformed grain size of 1000 ^im should be worked out into a 
semi-finished disk product with the microstructure with average grain 
size of 3 )im. In this case, it is reasonable to refine the initial structure 

15 by carrying out strain at the temperature within the beta-phase area. 
For that purpose the stock is heated up to the temperature Tcpt+100°C 
(1100X) and strained between flat dies in accordance with the 
following chart: upsetting at e= 0.5 strain, and subsequent drawing up 
to the starting height. The stock temperature should be not decrease 

20 lower than T^pt+IOO^C (11G0°C), othenA^ise, intermediate heating should 
be done. 

The described above treatment will result in the beta- 
transformed grain size of 1000 ^m, and that grain size is used for 
definition of the T* temperature (required for achievement of the grain 

25 size 3|im ) and can be defined from the curves in Figure 1. The 
heating tenriperature and required strain of the stock can be defined 
similar to Example 1. The die tools shall be heated up to the 
temperature 900°C. After described above structure preparation, the 
stock is first formed into the disk stock 350 mm in diameter. The final 

3 0 semi-fmished disk product will be obtained by flattening under 
superplastisity conditions. 

. Example 4. It is required to work a stock (100 x 100 x 200 mm) from 
alloy A with the initial beta-transformed grain size of 5000 p-m into the 
3 5 stock of the same size and grain size of 2 pm. In order to reach that 
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goal, it is expedient preliminarily to refine the initial grain structure. For 
this purpose the stock shall be heated up to the temperature Tcpr40*^C 
(960°C) and upset through the height on flat dies at e=0.25 strain and 
at strain rate of 10*^ sec*\ and then it is formed by drawing into the 
5 initial size stock and heated up to the temperature of 

(1020°C). The described treatment will result in the beta-transformed 
grain size of 500 , and the last is used for defining of the T* 
temperature (in that case, it will be 780-830°C ). The Tk temperature 
required for achieving the grain size of 3 ^im can be defined from the 

10 curves in Figure 1. That is the temperature 830^C, e.g., within the 
range of T*- T^p^, therefore, the stock will be preliminary worked at one 
stage. The heating temperature and required strain of the stock can 
be defined similar to Example 1. The strain should be carried out at 
rate of 10"^ sec at six passes with turn of the stock through 90° after 

15 each pass in such way that upsetting (load direction) will coinckie with 
the largest stock size. The strain at each stage is e=0.4. 

At the final stage the stock can be under superplastic 
conditions at 830°C into a rod, the cross section of which is equilateral 
triangle, or square, or equilateral hexagon. 

20 

Example 5. It is require to work a stock (100 x 100 x 200 mm) from 
alloy A with the initial beta-transformed grain size of 5000 jim into the 
stock of the same size and grain size of 1.2 iim. In order to reach that 
goal , it is expedient preliminarily to fine the initial grain structure. For 

25 this purpose the stock shall be heated up to the temperature T^fAO^C 
(960°C) and upset through the height on flat dies at e=0.25 strain and 
at strain rate of 10'^sec'\ and then it is formed by drawing into the initial 
size stock and heated up to the temperature of Tcpt+20''C (1020°C) and 
then water cooled to room temperaiture. The described above 

3 0 treatment will result in the beta-transformed grain size of 500 |im, and 
the last is used for defining of the T* temperature (in that case, it will be 
780-830X ). The T^ temperature required for achieving the grain size 
, of 1.2 ^im can be defined from the relation d=f(T) in Figure 1. That is 
the temperature jgO^'C. e.g. .within the range of T*- T^pt, therefore, the 

35 stock will be preliminary worked at one stage. The heating 
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temperature and required strain of tlie stock can be defined similar to 
Example 1. The strain should be carried out at rate of 10 sec." at six 
passes with tum of the stock through 90° after each pass in such way 
that upsetting (load direction) will coincide with the largest stock size. 
5 The strain at each pass is e-0.4. 

Example 6. Samples (0 10 x 15 mm in size) cut from B alloy have 
been worked by upsetting in an universal dynamometer "INSTRON" at 
different temperatures in the range of 400-900*'C, at up to e=0.6 strain. 

10 In that case the temperature of SOCC is equal to T^p, temperature of 
the alloy. The size of recrystallized grains should be determined in the 
central area of the deformed sample. The relation of recrystallized 
grain size to the alloy strain temperature is shown in Figure 5. 

It is necessary in the stock (0 50 x 100 mm ) cut from 

15 alloy B with the initial grain size of 200 ^m (Fig.6) to obtain the 
microstructure with the average grain size of 5 micrometers. 
Determined values of the Tk and T* temperatures are of TOO^C and 
520-550*'C. respectively. As the T^ exceeds T*. so the stock is worked 
at one stage. The choice of the strain, heating temperature, and strain 

20 chart is carried out in the way illustrated in examplel . 

The final shape of the semi-finished product will be the 
square section parailelopiped 55 \irn in side ^ize. The microstructure 
of the worked stock after treating is shown in Fig. 7. 

25 Example 7. It is necessary in the alloy B stock (0 50 x 100 mm )with 
the initial grain size of 200 (im (Fig.6) to obtain the microstructure with 
the average grain size of 0.1 \xm. Determined values of the Tk and T* 
temperatures are 400°C and 520-550°C, respectively. As the Tk 
temperature is less than T*, the stock will be worked at several stages, 

3 0 the number of which can be determined as follows. The grain size 
before the final stage is chosen twice larger (coarser) (e.g., 0.2um). 
The grairi size of 0.2um correlates to the temperature 450°C (see the 
.curve in Fig. 5) which does not exceed T*. thus, one more stage is 
required. Let's choose the grain size at the previous before that stage 

3 5 10 times coarser (e.g. ,4 ^m). The temperature correlates that grain 
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Size (Fig.5) is eJOTC )within the zone of T*-T,p,). Thus, the stock should 
be worked at four stages, and the temperature at each stage are 670, 
500. 450 and /OOX. The strain at each stage can be determined 
taking into account the strain temperature at the stage and the initial 
grain size before working at each stage. The stock at each stage is 
deformed at several passes similar to that in example 1 . 

At the final stage the stock can be formed into a rod. the 
cross section of which is equilateral triangle, or square, or equilateral 
hexagon. The microstructure of the worked alloy is shown in Fig. 8. 

Example 8. Samples (0 10 x15 mm in size) cut from alloy C sample 
have been worked by upsetting in an universal dynamometer 
"INSTRON" at different temperatures in the range of 400-740**C , at up 
to e=0.6 strain. In that case the temperature of 740°C is equal to T^p, 
temperature of the alloy. The size of recrystallized grains should be 
determined in the central area of the defonned sample. The relation of 
recrystallized grain size to the alloy strain temperature is shown in 
Figure 9. 

It is necessary in the alloy C stock (0 50 x 100 mm ) with 
the Initial grain size of 200 pm (Fig. 10) to obtain the microstructure with 
the average grain size of 5 jam. Determined values of the Tk and T* 
temperatures are of 740''C and 71 0-725°C, respectively. Aslhe T^ 
exceeds T*,and it is equal to T^p,, so the stock is worked at one stage 
at the temperature of 740*'C. The choice of the strain, heating 
temperature, and strain chart is carried out in the way illustrated in 
example 1. The microstructure of the worked stock is shown in Fig 1 1 . 

Example 9. It is necessary in the alloy C stock (0 50 x 100 mm ) vvith 
the initial grain size of 200 um (Fig. 10) to obtain the microstructure with 
the average grain size of 0.3 (am. Determined values of the T^ and T* 
temperatures are of SSCC and 710-725°C, respectively. As the % is 
less than T*. the stock will be worked at several stages. The grain 
- size before the final stage Is chosen three time larger (0.6 um) than the 
required after the final stage. From the relation d=f(T) for alloy C (see 
Fig. 9) it is follows, that the grain size of 0.6 um conrelates to the 
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temperature of 645''C. At the following stage the grain size should be 
chosen 5 time larger (3 ^m) than at the previous stage. That grain size 
(3 ^irn) correlates to the temperature of 730°C, which is between T*- 
Tcp,, therefore, that stage will be the first one during working. The 
5 choice of the strain, heating temperature, and strain chart at each 
stage is carried out in the way illustrated in example 1 . Moreover, after 
working at the first stage, the stock should be water cooled to room 
temperature. The microstructure of the worked stock is shown in Fig 
12. 

10 

Example 10. It is necessary in the alloy C stock (0 50 x 100 mm ) 
with the initial grain size of 40 |am to obtain the microstructure with the 
average grain size of 0.5 ^im. Determined values of the Tk and T* 
temperatures are of 625°C and 600-645*0, respectively. As the T^ is 
15 within the range T*-Tcp„ the stock will be worked at one stage. Before 
the main treatment, the stock is heated to the temperature of 76(^0 
and water cooled then to room temperature. The choice of the strain, 
heating temperature, and strain chart at each stage is carried out in the 
way illustrated in example. 1 . 

20 

Example 11. Jt is necessary to obtain a semi-finished product wit h the 
average grain size of 5 |xm from the alloy A stock (0200 x 400 mm ) 
with the beta-transformed grain size of 2000 ^im. The values of the T^ 
and T* temperatures determined from the curve in Figure 1 are of 

25 QSCC and QSO-SgOX, respectively. As the Jk <s within the range T*- 
Tcp,. the stock will be worked at one stage. It can be defined that the 
required strain e should be not less than 2.7. In order to achieve that 
total strain, the next strain chart should be used: 

stock heating up to the temperature of 95 "C, stock 

30 deformation through the stock height at 0.25 strain, subsequent water 
cooling to room temperature; . . 

stock heating up to the temperature of 950'*C, stock 
- deformation through the stock at five passes at 0.25 strain at each 
pass, and with the stock turn through 90° between the passes, and 

3 5 subsequent water cooling to room temperature; 
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repeat two previous paragraphs. 

The rod 100 ^m in diameter will be obtained after the 
final formation. 

5 Exannpie 12. Cylindrical stocks 40 mm in height are cut from a rod (0 
20 mm) from alloy B with submicrocrystalline structure with the 
average grain size of 0.1 |im. the stocks are heated in an electrical 
furnace in Argon inert atmosphere up to the temperature of 400°C and 
upset at the average strain rate of 510"^ sec *^ up to 10 mm in height in 

10 a large (100 tonne power) hydraulic press between plain dies 
preheated by an inductor up to 400*^0. The stocks of a disk shape 40 
mm in diameter will be produced. The grain size in the disk stocks 
retain of 0.1 |am. The disk stocks are machined to 38 mm in diameter. 
The upper and bottom surfaces of the disk stocks are being polished ( 

15 from each surface the layer not less than 0.5 mm has been deleted). 
During the mechanical treatments, the heating of the surface of the 
worked disk stock must not exceed SO^'C. The polished surfaces are 
washed, dried and degreased. Then the block in the form of a cylinder 
38 mm in diameter and 81 nrim in height is set up from nine stocks 38 

2 0 mm in diameter and 9 mm in height placed one over another coaxially. 

In order to fix the assembled block and to protect the inner contact 
surfaces of the stocks from oxidation, laser welding must be performed 
to the depth not more than 6.3 mm along the ring line of the stock joint. 

The stocks block is heated in an electrical furnace in 
25 Argon inert atmosphere up to the temperature of 40PX and upset at 
the average strain rate of 510"^ sec up to 10 mm in height Fn a large 
(100 tonne power) hydraulic press between simple (plain) dies 
preheated by an inductor up to 400°C. The semifinished product 1013 
mm in diameter and 10 mm in height will be obtained. The grain size 

3 0 in the disk stocks remains 0.1 um over the whole volume. Porosity in 

the zone of solid-phase joining is not revealed by metallography. 

Using the process which is analogous to described 
above, a disk stock with submicrocrystalline microstructure and 
practically of any size can be manufactured making use of industry 
35 heating and forging equipment. 
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Example 13. Cylindrical stocks 60 mm In height are cut from a rod (0 
30 mm) from alloy A with submlcrocrystalline structure with the 
average grain size of 0.4 ^im. The stocks are heated in an electrical 
5 furnace in Argon-inert atmosphere up to the temperature of TOO^C and 
upset at the average strain rate of 510"^ sec up to 10 mm in height In 
a large (100 tonne power) hydraulic press, between simple dies 
preheated by an Inductor up to 700°C. The stocks of a disk shape 
about 74 mm in diameter and 10 mm In height will be produced , The 

10 grain size in the disk stocks remains of 0.4 ^m. The disk stocks are 
machined to 72 mm In diameter. The upper and bottom surfaces of 
the disk stocks are polished (from each surface the layer not less than 
0.5 mm has been removed) and made parallel. During the mechanical 
treatments, the heating of the surface of the worked disk stock must 

15 not exceed 50X. The polished surfaces are washed, dried and 
degreased. Then the block In the form of a cylinder 72 mm in diameter 
and 144 mm in height Is set up from 16 stocks, 72 mm In diameter and 
9 mm in height placed one over another coaxlally. In order to fix the 
assembled block and to protect the inner contact surfaces of the stocks 

20 from oxidation, laser welding must be performed to the depth not more 
than 0.3 mrii along the ring li ne of th e stock joint. 

The stocks block Is heated In an electrical furnace in 
Argon-inert atmosphere up to the temperature of 700"C and upset at 
the average strain rate of 510'^ sec up to 20 mm In height in a large 

25 (100 tonne power) hydraulic press between simple dies preheated by 
an Inductor up to 700°C. The semifinished product 192 mm in 
diameter and 20 mm In height will be produced. The grain size in the 
disk stocks remains of 0.4 urn over the whole volume. Porosity in the 
zone of solid-phase joining is not revealed by metallography. 

30 Using the process which is analogous to above, a disk 

stock with submlcrocrystalline microstructure and practically of any size 
required for development can be manufactured using industry heating 
- and forging equipment. 
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Example 14. Cylindrical stocks 100 mm in height are cut from a rod 
(0 50 mm) from alloy C with submicrocrystaiiine structure with the 
average grain size of 2.0 ^m. The stocks are heated in an electrical 
furnace in Argon inert atmosphere up to the temperature of 700°C and 
5 upset at the average strain rate of 5 10"^ sec up to 10 mm in height in 
a large (100 tonne power) hydraulic press between sihiple dies 
preheated by an inductor up to 700°C. The stocks of a disk shape 
about 158 mm in diameter and 10 mm in height will be produced . The 
grain size in the disk stocks remains of 2 |am. The disk stocks are 

10 machined to 156 mm in diameter. The upper and bottom surfaces of 
the disk stocks are being polished (from each surface the layer not less 
than 0.5 nrim has been removed) and -made parallel. During the 
mechanical treatments, the heating of the surface of the worked disk 
stock must not exceed SC'C. The polished surfaces are washed, dried 

15 and degreased. Then the block in the form of a cylinder 72 mm in 
diameter and 144 mm in height is set up from 16 stocks, 72 mm in 
diameter and 9 mm in height placed one over another coaxially. In 
order to fix the assembled block and to protect the inner contact 
surfaces of the stocks from oxidation, laser welding must be performed 

20 to the depth not more than 0.3 mm along the ring line of the stock joint. 

The block unit in the form of a cylinder 156 mm in 
diameter and 306 mm in height is assembled from 34 stocks of 156 
mm in diameter and 9 mm in height placed one over another coaxially. 
The block assembly is carried out directly on the lower flat die installed 

25 in a 1600 tonne power hydraulic press. After the end of the assembly 
the block is tightened by lowering of the upper flat die. The 
. compression stress does not exceed 10 tonne. The dies together vyith 
the stocks block iare heated in an inductor in argon atmosphere up to 
the temperature of 700X and then upset to 30 mm in height at the 

3 0 average rate of 510"* sec '\ The working surfaces of the dies from 
alloy KC6-Y (Russian Spec.) are preliminary coated with a thin layer of 
boron nitride in order to reduce friction coefficient and prevent sticking 
- to the stock. Thus, the semi-finished product of about 498 mm in 
diameter and 30 mm in height will be produced. The grain size in the 



- 28 - 

disk stocks remains of 2 over tlie wliole volume. Porosity in the 
zone of solid-pliase joining is not revealed by metallography. 

Example 15. In the way similar to described in the above examples 
5 the cylindrical disk-type stock 300 mm in diameter and 50 mm in height 
is made of the 0 20 nim rod from alloy A with microcrystalline 
microstructure. The strain temperature is 650°C. The ring stock 300 
mm in outer diameter and 100 mm in inner diameter is made from that 
disk stock by cutting off its central area by a mechanical, or anode- 

10 mechanical, or arc cutting by fusion method. 

The cylindrical stock 0 100 mm and 50 mm in height 
are made of the 0 20 mm rod from alloy C accordingly to described in 
previous examples manner. Moreover, the strain temperature is 
eso^C. Then the disk stock 300 mm in diameter and 50 mm in height 

15 is assembled from the alloy A ring stock and the alloy C stock by 
installing the alloy C stock into the center of the alloy A ring stock. 
Before assembling the contact flat surfaces of the block stock have to 
be polished (the heating of the surfaces must not exceed 50°C during 
polishing). The polished surfaces are washed, dried and degreased. 

20 Then the block in the form of a cylinder 38 mm in diameter and 81 mm 

in height is set up from nine stocks 38 mm in diameter and 9 mm in 

height placed one over another coaxially. In order to fix the assembled 
block and to protect the inner contact surfaces of the stocks from 
oxidation, laser welding must be performed to the depth not more than 

25 0.5 mm along the ring line of the stock joint: 

The assembled block stock is installed on the bottom die 
in a 1600 tonne power hydraulic press and tightened by lowering of the 
upper flat die. The compression stress does not exceed 10 tonne. 
The dies together with the block stock are heated in an inductor in 

30 argon atmosphere up to the 650°C and upset to of 25 mm in height at 
the average rate of 51 0"^ sec V In order to reduce friction coefficient 
and previent the dies working surfaces from sticking to the stock, the 
.working surfaces of the dies are preliminary coated with a thin layer of 
boron nitride. As a result, the monolithic semi-finished disk stock 424 

3 5 mm in diameter and 25 mm in height will be obtained. The central 
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area of that disk stock is mad from alloy C with the grain size of 0.5 
^m. and the rim - from alloy A with grain size of 0.2 |am. 

Example 16. in accordance with the represented above examples, the 
5 cylindrical disks 350 mm in diameter and 70 mm in the height with 
grain size of 3 ^m are made from alloy A under superplastic 
deformation conditions at the temperature of 900°C. The sheet stocks 
350 mm in diameter and one mm in the height are made of the 0 20 
mm rod from the same alloy with grain size of 0.2 jum are made by 

10 superplastic strain, and subsequent upsetting, rolling, and hriachining. 

Then between each couple of the disk stock (placed 
coaxially on each other) the sheet-stock is placed, in that manner the 
cylindrical block stock 350 mm in diameter and 354 mm in height will 
be set up (assembled). Before assembling the contact flat surfaces of 

15 the stocks have to be polished (the heating of the surfaces must not 
exceed 50°C during polishing). The polished surfaces are washed, 
dried and degreased. The block stock assembly is carried out directly 
on the lower flat die installed in a 1600 tonne power hydraulic press. 
After the end of the assembly the block is tightened by lowering of the 

2 0 upper flat die. The compression stress does not exceed 10 tonne. 
The dies together with the block stock are heated in an inductor in 
argon atmosphere up tcrth^650°C and upset to of 351 mm in height at 
the average rate of 5 10"* sec '\ In order to reduce friction coefficient 
and prevent the dies working surfaces from sticking to the stock, the 

25 working surfaces of the dies are preliminary coated with a thin layer of 
boron nitride. As a result, the monolithic semi-finished disk stock 350 
mm in diameter and 351 mm in height will be made. 

In the described abov^ manner twice longer monolithic 
cylindrical stock can be made from those described in the paragraph 

30 above by placing between them the sheet-stock and 0.8 mnh upsetting, 
in that case, local heating is used only for the stocks-block (it is not 
necessary to heat dies). 

In order to eliminate the difference in grain size caused 
by the presence of submicrocrystalline microstructure of the sheet 

3S layers, the obtained block-stock is annealed at the temperature of 



900°C. After that he^t treatment the made rod stock 350 mm in 
diameter will have the uniform microstructure with the grain size of 3 
Jim. 

4 • • ' ' ' 
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WHAT IS CLAIMED IS: 

1. A method for preparing a titanium alloy article, 
distinguished by having a substantially controlled homogeneous fine 
grain microstructure. comprising the steps of: 

(1) starting with a titanium alloy article having an initial 
5 grain size (do); 

(2) selecting a final homogeneous fine grain size (dk) to 
be achieved in the titanium alloy article; 

(3) plotting a curve of the relationship between a 
recrystallized grain size (d) for the titanium alloy on the y-axis versus a 

10 strain temperature (T) for said alloy on the x-axis» between a range of 
400oC and a tenriperature of complete polymorphous transformation 
(Tcpt). in accordance with the relationship d = f(T); 

(4) locating an area on the strain temperature axis to 
divide the temperature axis into two zones comprising a first zone 

15 400oC to T*. and a second zone T* to Tcpt, where said T* is located by 
first calculating a corresponding recrystallization grain size (d*) on the 
y-axis, where d* is logarithmically related to the initial grain size do; 

(5) further locating on the curve the final grain size (dk) 
on the y-axis and then a corresponding strain temperature (Tk) on the 

2 0 X-axis; 

(6) determining the heating and deforming stage or 
stages to process the article based on Tk, where for Tcpt > Tk > T*. 
there is at least one heat and deforming stage to obtain the final grain 
size dk, and where Tk < T*, there are at least two heat and defomiing 

25 stages where each heat and deforming stage occurs for a sufficient 
amount of time to reduce the grain size of the titanium alloy article until 
the final grain size dk is obtained; 

(7) then heating and deforming the titanium alloy article in 
accordance with the determined number of heat and deforming stages 

30 to achieve dk, where each heat and deforming stage has at least one 
heating and deforming step and one cooling step, where said heat and 
deforming stage occurs for a sufficient period of time to reduce the 
grain size of the titanium alloy article, and \A(here the deformation of the 
titanium alloy article is in a substantially controlled manner during each 
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3 5 heat and deforming stage at a rate of strain to achieve the desired 

grain size of the heat and deforming stage, where the true strain during 
the deformation is greater than or equal to 0.6 for each heat and 
deforming stage, and where said subsequent cooling is controlled at a 
temperature below the heat and deforming stage temperature at a 

4 0 cooling rate for substantially maintaining the reduced grain size 

obtained during the heat and deforming stage; and 

(8) repeating paragraph (7) until the final substantially 
controlled homogeneous grain size dk Is obtained In the article having 
substantially homogeneous mechanical properties. 

2. A method for preparing the titanium alloy article where 
the final fine grain size is less than or equal to about 15 micrometers. 

3. A method for preparing the titanium alloy article where 
each heat and deforming stage occurs for a sufficient amount of time 
to reduce the grain size of the titanium alloy article about 2 to 10 times 
until the final grain size, dk, Is obtained. 

4. A method for preparing the titanium alloy article 
according to claim 1 where the deforming in each stage is provided 
with a total reduction of strain e > [a lg(Vdn + 1)] Tm/T„, where d„ is the 
grain size before the beginning of n-stage, T„ Is the strain temperature 

5 at n-stage in K deg., Is the melting temperature of the stock material 
in K deg., and a is a coefficient where a-1 at d^ > 10 jim; a=1.5 at 1 ^m 
< dp < 10 urn; a=2 at 0.5 jim < d„ < 1(am; and a=3 at d^ < 0.5 ^m. 

5; A method for preparing the titanium alloy article 
according to claim 1 where a deformation axis is turned 45-90° 
between steps. 

6. A method for preparing the titanium alloy article 
according to claim 1 where the deformation is performed at a rate in 
the range of about 10"* to 10"^ sec \ 

7. A method for preparing the titanium alloy article 
according to claim 1 where the temperature of deformation is corrected 
by multiplying a coefficient dependent on an article volume where the 

. coefficient is 0.98 for the volume up to 1 dm^ 0.97 for the volume from 
5 1 to 10 dm^ and 0.95 for the volume greater than 10 dm^. 
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8. A method for preparing the titanium alloy article 
according to claim 1 where the article with an original beta-transformed 
grain size greater than 2000 ^m is deformed before the first heat and 
deforming stage at a temperature greater than Tcpt + 10-50°C. 

9. A method for preparing the titanium alloy article 
according to claim 1 where before the first heat and deforming stage, 
the article with original beta-transfomned grain size greater than 2000 
Jim is deformed with a reduction of area of 0.3 and strain rate in a 

5 range of about 10"^ to 10*^ sec"^ at a temperature greater than T^pt - 30- 
SO^'C and with subsequent heating up to about T^pt + 20-70°C. 

10. A method for preparing the titanium alloy article 
according to claim 1 where before the article is deformed, the article is 
heated up to about T^pt + 20-70°C and cooled to room temperature at a 
rate of about 5-1 00 °C/sec. 

11. A method for preparing the titanium alloy article 
according to claim 1 where after the first heat and deforming stage, the 
article is cooled to room temperature at a rate of about 5-100 X/sec. 

12. A method for preparing the titanium alloy article 
according to claim 1 where after each step in the heat and deforming 
stage, the article is cooled to room temperature at a rate of about 5- 
100°C/sec. 

13. A method for preparing the titanium alloy article 
according to claim 1 where a thermocycle treatment is conducted in a 
temperature range of about 500°C to Tcpt ^or about 1 to 5 cycles before 
deforming. 

14. A method for preparing the titanium alloy article 
according to claim 1 where tools for deforming the article are 
preheated to a temperature of about 10-50°C higher than the heating 
temperature of the article for deforming. 

15. A method for preparing the titanium alloy article 
according to claim 1 where the steps in the final heat and defonning 
stage is not less than four and an axis of deformation is in a single 

- plane. 

16. A method for preparing the titanium alloy article 
according to claim 1 where a formation of a semi-finished product of 
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deftnite shape from the article is processed at a temperature not lower 
than the heat temperature of the article In the final heat and deforming 
5 stage. 

17. A method for preparing the titanium alloy article 
according to claim 1 where the deforming is done under superplasticity 
conditions. 

18. A method for preparing the titanium alloy article 
according to claim 1 where a block of titanium alloys with different 
chemical compositions Is processed together with different 
temperatures during the final heat and deforming stage. 

19. A method for preparing, the titanium alloy article 
according to claim 1 where a block of two or more articles has a layer 
between the articles from the same article material with grain size (d) 
having an order of magnitude less than the grain size in the block. 

20. A method of making a substantially controlled 
homogeneous fine grain microstructure in a titanium alloy article, 
comprising the steps of: 

heating and deforming at a predetermined heat and 
5 deforming stage temperature at or below a temperature of complete 
polymorphous transformation where the titanium alloy article has 
sufficient ductility and a starting^ grain size, said heat and deforming 
stage contains at least one heat and deforming step and at least one 
cooling step, and where said heat and deforming stage is for a 

10 sufficient amount of time to reduce the grain size from the starting 
grain size at the beginning of the heat and defomning stage to a 
reduced grain size at the end of the heat and deforming stage, where 
deforming the titanium alloy is in a controlled manner at a rate of strain 
to achieve the desired grain size of the heat and deforming stage, 

15 where the true strain during the deformation is greater than or equal to 
0.6 for each heat and deforming stage and where the cooling step is 
performed after the heat and deforming step at a temperature below 
the heat and deforming stage temperature, in a controlled manner at a 
_ cooling rate to substantially maintain the reduced grain size obtained 

20 during the heat and deforming stage; and 
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continuing to heat and deform then cool the titanium alloy 
article, at lower heat and deforming stage temperatures than the 
previous heat and deforming stage temperature, so a reduction of 
grain size is achieved in subsequent heat and deforming stages until a 
25 final controlled grain size with controlled mechanical properties is 
obtained in the titanium alloy article. 

21. An article having a controlled homogeneous fine 
grain microstructure and controlled mechanical properties throughout. 

22. An article made according to the method of claim 1 . 

23. An article made according to the method of claim 20. 
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